The measurement of the viscosity of digesta is complicated by settling and compositional changes that accompany digestion. The current work determined whether the apparent and relative viscosities (h a and h r ) of digesta could be accurately determined from the actual and maximum solid volume fractions (f and f max , respectively) using the Maron-Pierce equation. The rheological properties of digesta from the small intestine of six pigs were determined at a shear rate of 1 s 21 at 378C. A series of suspensions of plant fibre in a Newtonian liquid (70% aqueous fructose) were made at viscosities similar to pig digesta by adjusting f. The relationships between the apparent and relative viscosities (h a and h r ) and the plant fibre properties; aspect ratio (AR) and f and f max were then determined for digesta and the suspensions. The ARs for the digesta and plant fibre particles were determined using image analysis of scanning electron micrographs and h a from rheometric flow curves at 378C, f from image analysis and gas pycnometry, and f max from AR and suspension viscosity. The h r of pig digesta and the test suspensions calculated using the Maron -Pierce equation were, with the exception of two outliers, in proportion with h a determined using a rheometer, indicating that h r could be successfully predicted from the Maron -Pierce equation.
Introduction
The rate at which food is digested depends on the efficiency with which it can be admixed with enzymes secreted at the gut wall and the liberated soluble nutrients absorbed. Small intestinal digesta comprise a heterogeneous suspension of partially or fully digested food particles suspended in an aqueous Newtonian liquid which together exhibit shear thinning (pseudoplastic) behaviour [1] [2] [3] . The ease with which digesta may be mixed and moved to the intestinal wall decreases as the relative volume of particulate matter (f ) and hence as h a increases. There are significant reductions in the efficiency of in vitro digestion when h a of digesta exceeds 1 Pa s at shear rates of 1 s
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, as the shear stress that can be developed in the small intestine is limited to approximately 1 Pa [4] .
The direct determination of the viscosity of digesta is not straightforward for several reasons. The particles present are flexible, have variable ARs (aspect ratios; anisotrophic) and comprise a wide range of particle sizes (heteromorphic). Additionally, conventional rheological methods require relatively large sample volumes (15 ml) that are not readily recovered from the living gut, and such samples are prone to errors from settling. Hence, there is a need for alternative methods based on more readily determined parameters.
Although h r is correlated with f of the suspended particles [5, 6] , their size distribution and variation in AR mean that the relationship is not simple. When f for suspensions of isotrophic particles in a Newtonian liquid is below approximately 20% (f ¼ 0.2), their viscosities are generally Newtonian and the relationship between f and h a is linear, and hence, h a can be predicted directly from f [7, 8] . However, the h a of suspensions of isotrophic particles increases exponentially once f exceeds approximately 0.2 due to particle interactions, and approaches infinity when f reaches f max ¼ 0.64, the maximum packing fraction for monodisperse spheres; f max is also known as the critical volume fraction. Variations in particle shape and size distributions cause f max to occur at much lower values of f for anisotrophic particles as is shown later in this work. The viscosities of suspensions such as digesta that contain polydisperse, anisotrophic particles may be affected by a range of parameters other than f. For suspensions of similar f, highly anisotrophic particles may have a higher than expected h a at very low shear rates due to increases in AR that increase the radius of gyration of the particles, thus increasing their apparent volume [8] [9] [10] . However, at higher shear rates, alignment of the particles with flow and bending of elastic particles will lead to shear thinning behaviour [6] . Finally, lower than expected h a may result when smaller particles are able to occupy voids between larger particles [7] and as a result do not contribute greatly to interactions between particles. Smaller particles also tend to have low ARs.
Shear thinning or pseudoplastic behaviour of non-Newtonian systems can be described by the power law model ðh a ¼ K _ g nÀ1 Þ, in which h a declines exponentially with increasing shear rate ð _ gÞ. The consistency factor (K) is equivalent to h a of the suspension at a shear rate of 1 s
, and the flow index (n 2 1) is the exponent describing the rate at which h a declines with increasing _ g. Typically, small intestinal digesta behave as a pseudoplastic fluid [7, 11] as the constituent particles are anisotrophic and f may exceed 0.2 in the stomach and proximal small intestine. As solids are digested and absorbed, f and h a decrease and the digesta may behave as a Newtonian fluid until water absorption in the hind gut causes f and, hence, h a and h r to increase [12] . Hence, the prediction of h a or h r from the physical characteristics of the constituent particles of digesta is not straightforward.
For suspensions of isotrophic hard particles where f is less than 0.2 (the Newtonian limit), h r can be predicted from f and h s using the Jeffery-Einstein formula where h r ¼ 1 þ h s f [10, 13] ; in this region, the physical interactions between particles are weak. At greater particle concentrations, the ratio of f/f max (relative solid volume fraction) has been used to predict h r . Equations such as the Krieger-Dougherty model ðh r ¼ ð1 À f=f max Þ À ½hf max Þ have been shown to be useful for predicting h r for suspensions of latex particles [6] . Further work, based on various suspensions of rigid anisotrophic particles, has shown that the exponent of this relationship (2hf max ) can be approximated to 22, giving the Maron-Pierce equation [5] where h r ¼ (1 2 f/f max )
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. The Krieger -Dougherty and Maron -Pierce equations have been shown to reliably predict h r for a variety of suspensions beyond the Newtonian range (f . 0.20). In particular, it has been shown to predict h r for more or less isotrophic fibre suspensions [9, 10, 14 ], but has not been shown to do so for highly anisotrophic non-Newtonian suspensions such as digesta. As the Maron -Pierce model makes no provision for accounting for pseudoplastic properties [8] , h r predicted by the model will be proportional to h a measured only at a particular given shear rate [14] , but will nevertheless allow meaningful comparisons of h r of 'difficult to measure' suspensions such as digesta. It is relatively easy to measure the h s of the liquid phase of digesta following its separation by centrifugation or filtration. This ranges from 0.0007 Pa s (a value close to that of water) to over 0.08 Pa s for the liquid phase of digesta from pigs fed an oat bran diet have been recorded [15] . While it is difficult and time-consuming to determine f max directly, f max can be determined for isotrophic suspensions of rigid fibres with AR values between 6 and 27 by using the empirical relationship f max ¼ 0.54-0.0125.AR [9] and for isotrophic suspensions of fibres with smaller AR values [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] using the empirical relationship f max ¼ 0.51-0.0223.AR [14] . These AR values span those reported for digesta particles from the small intestines of pregnant ewes and non-lactating cows, which lie between 2 and 8 [16, 17] . In this work, this method of calculating f max will be verified for the heterotrophic, anisometric, flexible fibres found in digesta and used to make the test suspensions for this work.
The principal objective of this work was to determine whether the relative viscosities of digesta could be accurately determined from f max and f using the Maron -Pierce equation where f max was derived from the ARs of the particulate fraction. A secondary objective was to validate the determination of f max from AR. This work was carried out with a view to developing an indirect method to determine the relative viscosities of small volumes of digesta sampled in vivo during endoscopy or colonoscopy.
Material and methods

Particle suspensions
The sources and physical characteristics of the glass beads and food and plant-derived fibre particles used in the test suspensions (figure 1) were described earlier, along with the procedures for recovering particles from digesta [18] . Hence, we used suspensions of spherical rigid glass beads with a density of 2.49 g cm 23 and a mean diameter of 75 nm with ARs close to 1 (Syntech Distributors Ltd, Auckland, New Zealand). These particles, although quite unlike those of digesta and the fibres used in this work, are a commonly used reference material in work of this nature [8, 9] . Two commercially available preparations of cellulosic fibres derived from wheat, 'WF600' and 'Prolux', were supplied by J. Rettenmaier & Sö hne, Rosenberg, Germany and Oppenheimer Pty Ltd, NSW, Australia, respectively. A finely milled food-grade wood fibre (Lignocel w Type C120) was supplied by J. Rettenmaier & Sö hne, Rosenberg, Germany. Particles of Kellogg's All-Bran w , a breakfast supplement containing large wheat bran fibre particles, were used as a whole-food product that contained approximately 30% of insoluble particles and 70% of material that is solubilized during digestion [18] . All test particle types were used 'as supplied' although subsamples of the plant-derived fibres were additionally subjected to 2 h of in vitro digestion with porcine pancreatin at 378C to remove included starch and other soluble material prior to evaluation in this work. This process slightly increased the modal volume of the particles [18] . Scanning electron micrographs at a magnification of 1000Â were made of these particles after gold sputter coating using a FEI Quanta 200 scanning electron microscope (SEM, FEI Electron Optics, Eindhoven, The Netherlands) operated in the backscattering mode.
Suspensions of each of the particle types with various values of f were used to determine the relationship between h r and rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180092 figure 3 ). Hence, we used suspensions of glass beads with f between 0 and 0.35 and suspensions of the various digested and undigested fibres with f between 0 and 0.2. Owing to differences in f max for the various particle types, the values of f used resulted in values for f/f max between 0 and 0.73 for glass beads and between 0 and 0.71 for the fibre suspensions (figure 3). Each of the particle types was suspended in a 70% solution of fructose (ingredientStop (NZ), ISFRUC) with an h a of 0.032 Pa s. This solution was used on the basis that it had sufficient viscosity to maintain the particles in suspension for the period required for the accurate determination of h a over the relatively low shear rates that were used (figure 2), but, like water, it behaved as a Newtonian fluid.
Small intestinal digesta were obtained from the viscera of six randomly selected pigs slaughtered at an abattoir on two occasions, two weeks apart. Ligatures were immediately applied to occlude the lumen at the junction of the small intestine with the stomach and with the colon, and at a point midway along the small intestine. The contents of the proximal and distal regions of the small intestine were subsequently drained and stored at 2388C pending analysis [18] .
Plots of h r against f/f max for the various fibres at various values of f were fitted using the Maron -Pierce model. Subsequently, h r was calculated using the were finally compared with measured values of h a for both fibre and digesta suspensions.
Rheology
Rheological characterization was carried out in a stresscontrolled rheometer (Rheometrics SR500; Rheometrics Instruments, Piscataway, NJ, USA) fitted with a cup and vane geometry and operated in the rotational mode. The samples were maintained at 378C throughout each experiment, and care was taken to ensure settling of the suspensions did not occur during the measurement period. Flow curves were generated over shear rates between 0.1 and 100 s
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, hence covering the reported physiological range of shear rates (1 -10 s
) generated in the small intestine of animals [19, 20] . Each determination was repeated twice for each suspension used for this work.
Image analysis
One millilitre samples of each of the suspensions of hydrated test fibres were preserved and cleared in 0.2% sodium hypochlorite at room temperature for 1 h. Subsamples of suspensions of the washed wood, All-Bran w and pig digesta particles were each treated with Safranin red solution to stain the lignified tissue. Likewise, subsamples of the washed cellulosic and All-Bran w fibre types were treated with aqueous solution toluidine blue O to stain cellulose [18] .
Dilute suspensions of each of the stained fibres in distilled water were photographed using an Olympus BX53 microscope (Tokyo, Japan) equipped with a digital camera and 'cellSens life sciences' research imaging software (Olympus, Tokyo, Japan). The ARs of 1000 randomly selected particles from images of each of the various particle types were then determined using a macro written for the ImageJ (http://rsb.info.nih.gov/ij/) image analysis software. Fibre volume was calculated from length and width, assuming that all fibres were of uniform circular crosssection and volume was measured when wet to best represent hydrated fibres in digesta. While it is impossible from the twodimensional images to determine if the 'width' recorded was a large or small axis, it was assumed, given the large number of particles assessed (1000) for each fibre type, that sufficient particles were measured to capture such variation. For the glass beads and constructed fibre suspensions, the results from image analysis were checked using particle density obtained from the pycnometer and the weight and number of particles in suspension. For digesta, particle density was assumed to be that of the fibre particles used to make the test suspensions.
Testing the ability of aspect ratio to predict f max
The various values for f max obtained for each of the test fibres were calculated from the raw data (figure 3) using a rearrangement of the Maron-Pierce equation. Hence, using values of f experimentally determined from helium gas pycnometry [12] and values for h r derived from h r ¼ h a /h s obtained at a shear rate of 100 s
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, f max is given by the reciprocal of the slope coefficient obtained from the simple linear regression of (1 2 p (1/h r )) against f. The calculated values of f max were then regressed against the corresponding experimentally determined values of AR (figure 4) and the coefficients for the slope (a) and intercept (c) determined, hence f max ¼c þ aAR. These same coefficients (a and c) were then used to predict f max for each of the samples of pig digesta from the mean of experimentally determined values for AR derived from image analysis.
Predicting viscosity
The calculated values for f max (above) and the experimentally determined values for f based on estimations of fibre volume using image analysis were substituted into the Maron -Pierce equation (described above) to predict the h r of pig digesta. Finally, the predicted values for h r were compared by simple linear regression against the experimentally determined apparent viscosities (h a ) of the digesta.
Given that h r ¼ h a /h s , where h s is the viscosity of the liquid phase in which the particles are suspended, h r can therefore be estimated from the experimentally determined values for h a for the suspensions at a given shear rate by assuming values for h s of 0.0007 Pa s (water at 378C) or up to 0.08 Pa s for digesta at a shear rate of 1 s 21 [20] .
Statistics
Simple linear regressions were conducted using the Trendline function of Microsoft Excel (2010) and polynomials for calculation of f max fitted using the Linest function of Microsoft Excel; graphs were plotted using the same software suit. Differences among the variables were compared by one-way ANOVA with Tukey's post hoc comparisons in the MINITAB Statistical Software suite (v.15, USA). The normality of the distribution of each variable was first evaluated using the Kolmogorov-Smirnov test. For all comparisons made in this work, values of p 0.05 were considered to indicate significant differences among the datasets. The data for the flow curves that were obtained from rheometry were fitted using a power law model ðh a ¼ K _ g nÀ1 Þ using the Microsoft Excel software.
Results
The spherical glass beads that were used as reference particles were larger, their surfaces were smoother, and their ARs were close to 1 and were much lower (figure 1a) than those of the food fibre particles (AR . 4). The cellulosic WF600 and Prolux wheat fibre particles (figure 1b,c) were smaller in size and had smoother surfaces than those of the wood and larger All-Bran w particles (figure 1d,e). In vitro digestion had little effect on the appearance of the wheat and wood fibre particles, and for this reason, images of the digested particles are not shown. However, in vitro digestion of the bran particles created visible voids and exposed (figure 1e,f ) , presumably due to the removal of soluble and starchy material comprising 70% of the as-is mass [18] . and for particles isolated from pig digesta. The larger particles recovered from pig digesta (figure 1g,h) were similar in general size and shape to those of digested All-Bran w (note the change in size scale of the images), and both contained similar proportions (greater than 85%) of very small particles that contributed to less than 20% of the total solid particle volume [18] . In summary, the physical characteristics of the test particles used in this work varied from isotrophic hard smooth spheres with an AR 1 to flexible plant-derived particles that exhibited a range of surface morphologies and were anisotrophic in shape with skewed particle number and volume distributions and mean ARs that sometimes exceeded 4.
Rheological properties of the suspensions
The apparent viscosities of all suspensions of test particles in an aqueous solution of fructose (70%w/v) ranged between 0.9 and 2.7 Pa s at a shear rate of 1 s 21 decreasing to between 0.29 and 1.0 Pa s at a shear rate of 10 s 21 ( figure 2 ).
These shear rates were within the reported upper and lower physiological limits for shear in the lumen of the small intestine [12] . At f ¼ 0.2, the suspension of glass beads had a much lower h a (approx. 0.1 Pa s) at all shear rates than those of the fibre suspensions, and h a remained relatively constant at all shear rates, a characteristic of Newtonian flow behaviour (figure 2).
By contrast, all suspensions (f 0.2) containing fibres (either digesta or those of the test fibres) had a greater h a at all shear rates than the glass bead suspension and were strongly shear thinning, a characteristic of non-Newtonian flow behaviour. Hence, the physical properties of the suspended particles greatly affected the rheological properties of suspensions including those of digesta. Digesta from the proximal and distal pig small intestine exhibited rheological properties over the shear rates used that were remarkably similar to the suspensions of the various test fibres (figure 2). Note that the values for f/f max were below the critical value (0.8) where significant yield stress is considered to develop [8] .
The values obtained for f, K and n 2 1 that were obtained (table 1) on fitting the power law model ðh a ¼ K _ g nÀ1 Þ to the various experimentally determined values for h a (figure 2) were similar for the various test suspensions with the exception of the glass bead suspension. The value obtained for K from the flow curve of proximal small intestinal digesta was near the upper value of those obtained for the test fibre suspensions but the value for the flow index (n 2 1) was more negative, indicating that the digesta from the proximal intestine was slightly more susceptible to shear thinning than the test fibre suspensions, and this is evident from the greater slope of the fitted line for proximal pig digesta (figure 2). Conversely, the mean value for K obtained for distal small intestinal digesta was slightly lower than that of the wood fibre, while the mean value for the flow index was similar to that obtained for the various suspensions of test fibres.
Estimating f max
When h a was plotted against f for each of the suspensions used in this work, a series of plots broadly similar to figure 3 were produced and, using a curve fitting function (Excel LINEST), the value for f max as h a approached infinity was calculated by substituting a very high value for h a (10 000) into the resulting polynomial. The h r was then calculated from h r ¼ h a /h s and plotted against f/f max (figure 3). These data fitted closely to the Maron-Pierce model (R 2 ¼ 0.994) and, for comparison, to the Jeffery-Einstein model for values of f/f max , 0.2, providing confidence that the approach taken was sound. The values for f max determined above were used to derive the constants c and a for the linear relationship f max ¼ c þ aAR, where AR is the aspect ratio of the fibres determined from image analysis. This equation is similar to those used by Kitano & Kataoka [9] and Pabst et al. [10] , although the constants, in particular the regression coefficient (a), varied among the studies. The value for the intercept (c) determined for this study (0.528) and those determined by Kitano and Pabst (0.54 and 0.51, respectively) were similar. The value we obtained for the regression coefficient (0.042) was greater than that obtained previously (0.012, Kitano and 0.022 Pabst); this may have been due to differences in suspending liquids and/or the different fibre types used in the previous work. Overall, the linear fit of these data and hence the ability of AR to predict f max were very good (R 2 . 0.95), with all data converging near the data point for glass beads (AR ¼ 1). When values of f and f max predicted from AR for the various fibre suspensions were used to calculate f/f max and thence h r by substitution into the Maron -Pierce equation (h r ¼ (1 2 f/f max ) 22 ), coefficients of determination (R 2 ) for the regressions of experimentally determined h a at a shear rate of 1 s 21 and the calculated h r were all above 0.94 (table 2) .
The predicted and actual viscosities (h r and h a ) of the test suspensions were closely correlated (table 2), likewise for pig digesta from either the proximal or distal small intestine. The correlation coefficients (R 2 ) obtained from linear regressions of h r (Maron -Pierce) against h r calculated from the measured Table 1 . Comparison of the rheological characteristics of the various particulate suspensions. For the fibre suspensions f ¼ 0.2, the proximal (P) and distal (D) porcine small intestinal digesta is native. K and n21 were obtained from power law fits to the data shown in figure 2 where
test material (table 3) . However, the values for h r calculated from h a were all greater than those of h r calculated using the Maron -Pierce equation, suggesting that the greater of the two values of h s (0.08) that were used to calculate h r was too low or that, due to the highly heteromorphic particles, the effect of f on viscosity was overestimated. The values for h r , f and R 2 obtained for the distal small intestinal digesta were all lower than those for the proximal small intestinal digesta.
Discussion
With the exception of the glass bead suspensions, the rheological behaviour of the various plant fibre and food particles used for this study were generally similar to those found in the small intestine of the pig. Hence, as reported by other workers, the size, shape and surface characteristics of the particulate matter in digesta may influence its overall viscosity [10, 21] . Our work successfully related the physical characteristics (AR, f and f max ) of the particles to the rheological characteristics of the suspensions using the Maron-Pierce equation which was originally derived for rigid particles with very different physical properties. Furthermore, the MaronPierce model successfully predicted the relative values of h r for a wide range of particle types with good accuracy; this conclusion is in agreement with other authors [8] . However, the fine particulate fraction present in all of the test fibre suspensions and in the samples of digesta did not appear to contribute greatly to the rheological properties of the suspensions, presumably because of their small volumetric proportion [3] and perhaps their ability to occupy voids between larger particles. This may explain the disparity between h r calculated from h a /h s and that calculated using the Maron-Pierce equation. These findings fit with reports that the viscosity of digesta is determined primarily by the small number of larger particles present, the removal of these particles from the caecal contents of the pig reducing viscosity by about an order of magnitude [18, 22] .
The suspension of glass beads with a f of 0.2 and AR 1 behaved as a Newtonian fluid due to their rigidity, the spherical shape of the beads and the Newtonian properties of the fructose suspending solution (figure 2). The suspensions of small flexible fibrous particles, with AR ) 1 and at a f of 0.2 suspended in the same fructose solution, were strongly shear thinning with similar properties to that of the small intestinal digesta of pigs, particularly over the range of shear rates expected in the gut ( figure 3) . Likewise, the values for K and n 2 1 obtained by fitting a power law model over the range of physiologically relevant shear rates to data from the particulate systems made for this work were also within the range of those obtained from the small intestinal digesta of pigs. This finding showed that the test suspensions of fibre in a fructose solution were suitable and quantifiable models for investigating the rheological behaviour of small intestinal digesta from pigs and perhaps other animals.
It was clear both from our data and from data published by Kitano & Kataoka [9] and Pabst et al. [10] that f max increases as the AR of the suspended particles decreases figure 4 and table 2) , which was within the ranges described by these authors. However, there were considerable differences between the regression coefficients obtained for the fibre suspensions in this study and those obtained by Pabst for wollastonite (a naturally occurring mineral) fibres and for starch granules in 60% saccharose and those obtained by Kitano for various fibres in polymer melts (non-Newtonian) [9, 14] . This is not surprising given the differences between the irregular, flexible plant fibres used in this work and the rigid more or less regular rods of wollastonite. This finding confirms that the physical characteristics of the fibre and the liquid in which they are suspended can have a large effect on estimates of f max .
Although the variations in the AR and, consequently, f max were considerably smaller than those reported in the previous work [9, 10] , the form of the linear relationship between AR and f max was similar, differing only in the regression coefficient. The coefficient of determination (R 2 ) was high, particularly so when glass beads were omitted from the equation, a reasonable approach given that they are structurally very different from the fibre suspensions used in this study.
Although f max increases as AR decreases, neither f max nor AR was closely correlated with viscosity (h r or h a , data not presented). Rather, h r was largely dependent on f or more precisely the ratio f/f max (figure 2) and is considered to be further modified by factors such as electrostatic effects and the size distribution of the particles [10] and perhaps their flexibility [9, 23] . The close correlation between the plots of measured h r against f/f max (figure 2) for the various test suspensions used in this work with h r derived from the Maron-Pierce equation [5] shows that h r can be successfully predicted from f/f max .
We have shown that f max , which is difficult to measure and particularly so in the case of digesta, can be reliably estimated from AR using the relationship f max ¼ 0.528-0.042.AR for the range of particles and concentrations that are present in digesta. As the Maron-Pierce model was demonstrably accurate in estimating the ranking of h r for the test suspensions (R 2 . 0.95, table 2), it was then used to estimate h r for the proximal and distal pig digesta for which f max was determined from AR, where AR and f were measured using image analysis of the hydrated fibres. The values for f and f max so determined were close to those previously reported for digesta [13, 20] . Values for h a determined rheometrically were significantly correlated (R 2 . 0.7) with h r determined using the Maron -Pierce determined for f were too large or f max too small. Given the good agreement between experimental and calculated f max , it is possible that the high proportion of very small particles in the solid volume fraction of the digesta may be contributing less than expected to viscosity [7] . It is also noted that h a is dependent on the shear rate, which is not accommodated in the Maron-Pierce equation; for these reasons, good correlation and an accurate ranking of viscosities may be all that can be reasonably expected for h r calculated using the different methods.
Although it is preferable to directly determine the apparent viscosities h a of particulate suspensions directly by rheometry, this is not possible in living subjects when the volumes of samples that can be obtained may be restricted, for example, when endeavouring to assess changes in the physical characteristics of digesta as it progresses along the gut lumen. However, given the correspondence between rheometrically determined relative viscosity (h r ¼ h a /h r ) and h r determined indirectly from f and AR of the suspended particles (Maron-Pierce), it is possible therefore to meaningfully assess changes in viscosity in relative terms from small samples.
Conclusion
We have shown that the relationship between the AR of the particles and f max previously described by Kitano & Kataoka [9] and by Past et al. [10, 14] and the relationship between f max and h r described by the Maron-Pierce model [5] hold for the components of digesta. Hence, it is possible to reliably estimate h r from small samples of digesta of less than 1 ml, volumes that are well below those required for reliable rheometry, by determining the mean AR and the f of contained particles. We therefore suggest that the relationship between f max and mean AR derived using various standardized test suspensions of fibres (f max ¼ 0.528-0.042.AR) will have general application, assessing the h r for animal digesta when values of AR are between approximately 2 and 6. However, while the estimates of h r were correlated with h a and are therefore useful for comparing the viscosities of digesta, the Maron-Pierce model in this case appeared to underestimate h r . This may have been due to the large proportion of small particles in the digesta or higher than expected values for h s . The difficulty in rationalizing h a and h r is discussed by Mueller et al. [8] and arises from the inability of current models to account for non-Newtonian effects in complex suspensions. While this work will enable reliable estimations of h r from f and f max determined from AR for suspensions such as digesta, the non-Newtonian properties, as yet, cannot be predicted from the properties of the particles in suspensions beyond the dilute limit.
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